Alterations of symbiosis between microbiota and intestinal epithelial cells (IEC) are associated with intestinal and systemic pathologies. Interactions between bacterial products (MAMPs) and Toll-like receptors (TLRs) are known to be mandatory for IEC homeostasis, but how TLRs may time homeostatic functions with circadian changes is unknown. Our functional and molecular dissections of the IEC circadian clock demonstrate that its integrity is required for microbiota-IEC dialog. In IEC, the antiphasic expression of the RORa activator and RevErba repressor clock output regulators generates a circadian rhythmic TLR expression that converts the temporally arrhythmic microbiota signaling into circadian rhythmic JNK and IKKb activities, which prevents RevErba activation by PPARa that would disrupt the circadian clock. Moreover, through activation of AP1 and NF-kB, these activities, together with RORa and RevErba, enable timing homeostatic functions of numerous genes with IEC circadian events. Interestingly, microbiota signaling deficiencies induce a prediabetic syndrome due to ileal corticosterone overproduction consequent to clock disruption.
INTRODUCTION
A single layer of intestinal epithelial cells (IECs) provides the physical barrier that separates, from the underlying lamina propria and the rest of the body, $10 14 microorganisms (mostly commensal bacteria) living in the intestinal lumen and termed gut microbiota. Studies on germ-free (GF) and antibiotic-induced microbiota-depleted (AIMD) mice have revealed that gut colonization by the microbiota is beneficial in many respects for mammalian host homeostasis (Hooper et al., 2001; RakoffNahoum et al., 2004; Ivanov et al., 2009; Reikvam et al., 2011; Larsson et al., 2012) . Rakoff-Nahoum et al. (2004) unveiled that commensal bacteria are recognized by IEC Toll-like receptors (TLRs), thus providing a new perspective on host-commensal symbiosis and raising the question of how the interaction of commensal bacterial products (microbiota-associated molecular patterns [MAMPS] , e.g., LPS) with TLR members of the pattern recognition receptors (PRRs) could control at the molecular level many homeostatic processes in IECs (Abreu, 2010) . Several intestinal functions (e.g., nutrient absorption, cell proliferation, motility, metabolic activities) are known to be rhythmically regulated in a circadian manner (Hussain and Pan, 2009) , and it has been shown that core components of the circadian clock could be functional in mouse small intestine in which the expression of some TLR genes may also vary around the circadian day (Froy and Chapnik, 2007) . To explore the possibility that such a clock (reviewed in Dibner et al., 2010; Asher and Schibler, 2011; Feng and Lazar, 2012 ; see below Figure 2 and Figure S2 available online) could be instrumental in the mechanism through which the microbiota may control homeostasis in IEC, we investigated in the mouse the effect of antibiotic-induced microbiota depletion on the clock. Interestingly, our study not only revealed the functional organization of this clock, but also demonstrated that it is critically involved in the molecular mechanism underlying the control of IEC homeostasis through TLR-mediated microbiota signaling.
RESULTS

Lack of Microbiota Affects Nuclear Receptors and Circadian Clock Components in IEC as well as Systemic Metabolism
Because many nuclear receptors (NRs) exhibit a circadian oscillatory expression in various tissues (Yang et al., 2006) and some of them are clock components (Asher and Schibler, 2011) , we examined the transcript profiles of the 42 NRs expressed in ileum and colon of control and AIMD mice (AIMDM) (Figures 1A and 1B; data not shown) . Upon antibiotic treatment, transcripts of RevErba, PPARa, and CAR increased, and those of RORa, ERb, and PPARb decreased, whereas only CAR varied in liver (data not shown). As RORa (Sato et al., 2004) and RevErba (Feng and Lazar, 2012; Cho et al., 2012) belong to the clock machinery, we examined the expression of clock components (see Figures 2 and S2) in AIMD IEC. The classical clock core was disrupted: Bmal1 and Cry1 transcripts decreased, whereas Per1 and Per2 transcripts increased, and those of Clock were unaffected ( Figures 1C and 1D ). Because germ-free (GF) mice exhibit increased triglycerides (TG) and hypoinsulinemia (Bä ckhed et al., 2007;  Figure S3M ), we analyzed blood metabolic parameters in AIMDM at circadian cycle times ZT0 (6 a.m.) and ZT12 (6 p.m.). Significant increases in glucose, TG, free fatty acids (FFA), and corticosterone, and a decrease in insulin were found ( Figure 1E ). Reduction in insulin transcripts in AIMDM correlated with decreased insulin secretion in the glucose tolerance test (GTT) (Figures S1A-S1E). The AIMD increase in blood glucose was in keeping with those of liver PEPCK and G6Pase transcripts ( Figure S1F ). Moreover, expression of Hes1, a negative regulator of hepatic TG production (Lemke et al., 2008) , decreased in AIMD liver ( Figure S1F ), in agreement with an increase in blood TG. Expression of Angptl4 (FIAF), necessary for conversion of TG to FFA, was also increased in AIMD ileum ( Figure S1G ), thus contributing to elevated blood FFA levels (Mandard et al., 2006) 
(see Figures 2 and S2).
Collectively, these results indicated an involvement of gut microbiota in controlling IEC expression of NRs and clock components, as well as systemic metabolism homeostasis. Importantly, all above AIMD variations were also found in GF mice (compare Figure 1 with Figures S1 and S3). S1 and S3 and Tables S2, S5, and S6. GF mice than in controls ( Figures 3A and S4A ). Remarkably, adrenalectomy (Adx) of AIMDM had no effect on blood corticosterone at ZT0, whereas it was identical at ZT12 in Adx AIMD and control mice, indicating that there was no adrenal corticosterone synthesis at ZT0, whereas at ZT12 its extra-adrenal production was similar to that normally produced in control mice ( Figure 3B ). It has been reported that corticosterone synthesis may occur in ileal, but not in colonic IEC (Cima et al., 2004) . Accordingly, Cyp11a1 transcripts and protein (the rate limiting enzyme in corticosterone synthesis) were present in control ileal IEC, and increased in ileal IEC of AIMD (Figures 3E and 3F) and GF mice ( Figure S4D ), whereas there was no increase in adrenals of AIMD and GF mice ( Figures S4B, S4C , and S4E). Interestingly, on its own, Adx did not generate the AIMD defects found in IEC clock components and in blood metabolic parameters ( Figures 3C, 3D , S4F, and S4G), indicating that ileal corticosterone overproduction could be involved in the AIMD syndrome. That AIMD hypercorticosterolism was instrumental in generating the systemic metabolic and clock defects, was The mammalian circadian clock (orange boxes) consists of two interlocked feedback loops. The first loop involves Bmal1 and Clock binding to the E-box elements present in Per1, Per2, and Cry1, Cry2 genes, and the autorepression of Per and Cry genes by their own protein products. The second loop involves the RORa activator competing with the RevErba repressor for binding to RORE DBS present in Bmal1. Remarkably, Bmal1 binding to the E box present in RevErba activates its transcription, whereas the presence of a DR2 element in RevErba mediates its transcriptional autorepression and its transcriptional activation by PPARa. Red arrows represent ''activation'' events; blunt black lines indicate ''repression'' events. The upward and downward blue arrows correspond to increase and decrease of the indicated components in AIMD mice. Black crosses (X) indicate impairment of activation or repression signaling events in AIMD mice. MAMPs, microbiota-associated molecular patterns; PRRs, pattern recognition receptors; TLRs, Toll-like receptors; NOD2, nucleotide oligomerization domain 2. See text and Figure S2 for additional descriptions and abbreviations.
Lack of Microbiota Results in
shown by treating AIMD mice with metyrapone (a Cyp11a1 competitive inhibitor) (Mueller et al., 2006; see Figure S4H ) and by using the conditional GR mutants, GRiec À/À and GRhep À/À , bearing a selective GR null mutation in IEC and liver, respectively. Metyrapone reversed the AIMD systemic alterations in blood (TG, FFA, insulin, and glucose), and in liver ( Figures 3J, 3K , and S4K-S4O), as well as AIMD IEC clock defects (Figures 3G, 3H, S4I, and S4J) . A treatment with the glucocorticoid (GC) antagonist RU486 similarly reversed systemic alterations (Figures S5B and S5C) and IEC clock defects in AIMD mice (Figure S5A) . In this respect, note that there is an IR nGRE element in the RORa gene (see Figure S5D ) and (+)GRE elements in Per1 and Per2 genes (So et al., 2009; Surjit et al., 2011) . As expected, AIMDM GRiec À/À mutants did not exhibit alterations in RORa, Per1, and Per2 (Figures 3L, 3M, , nor the AIMD systemic increases in TG and FFA ( Figures 3N, 3O , and S5I), whereas AIMDM GRhep À/À mutants lacked the systemic AIMD increase in glucose and TG ( Figures 3P-3R ).
RORa and RevErba Play Key Roles in IEC Clock Function and Control of Corticosterone Synthesis in Ileal IEC
Ileal and colonic IEC RORa reached zenith expression and was maximally bound to Bmal1 RORE at ZT0 ( Figures 1A, 1B , 3T, and S7A), whereas Bmal1 expression drastically decreased at ZT0 in RORaiec À/À mutant mice ( Figure 3U , and data not shown for colon). In contrast, a similar Bmal1 mutation (Bmal1iec À/À ) had no effect on expression of RORa and Cry1 (even though the latter contains an E box) (Feng and Lazar, 2012) , although, as expected, it decreased that of Per1 and Per2 ( Figures 3V, 3W , and S6H). Due to competition with the RevErba repressor (see below), RORa binding to Bmal1 RORE decreased ( Figures 1A  and 3T ) from ZT0 to ZT12. At this time (ZT12) corticosterone, which was the lowest at ZT0 was high both in blood ( Figure 3B ) and in ileal IEC (see below), and RORa expression was directly repressed through GR binding to its IR nGRE ( Figures 3S and  S5D (Preitner et al., 2002) , RevErba reached its zenith at ZT8 and was triggered in control IEC through binding of Bmal1 to a RevErba E-box element (see Figure 1A and the strong decrease in RevErba expression in Bmal1iec À/À mice; Figures 3V and 3W ).
RevErba expression was decreased after ZT8 due both to (1) an autorepression mediated through its binding to a DR2 element present in its promoter region (Duez and Staels, 2008) , and (2) the antiphasic circadian binding of RORa and RevErba (associated with the NCoR corepressor, not shown) (Feng and Lazar, 2012) on the Bmal1 RORE (Sato et al., 2004 ; Figure 3T ). Examination of the Cyp11a1 promoter revealed a D-box-like DNA binding sequence (DBS) (Cowell, 2002 ) (5 0 GTTACGTGAC) for the E4BP4 repressor. In control ileal and colonic IEC, chromatin immunoprecipitation (ChIP) analysis showed antiphasic circadian binding of RORa and RevErba (associated with NCoR) to the E4BP4 RORE ( Figure 4A , and data not shown). E4BP4 binding to the Cyp11a1 D box exhibited a circadian profile in control ileal IEC ( Figure 4C ) in which the minimal and maximal E4BP4 recruitments, at the beginning (ZT12) and the end (ZT0) of the dark period ( Figure 4C ), coincided with maximal and minimal expression of Cyp11a1 transcripts, respectively ( Figure 4E ), and therefore to the highest and lowest ileal corticosterone synthesis. That in control mice, binding of RORa at ZT0 to the E4BP4 RORE led to repression of Cyp11a1 and corticosterone synthesis, was demonstrated in IEC RORaiec À/À mutants in which Cyp11a1 transcripts were increased ( Figure 3U ). Importantly, and in keeping with the lack of corticosterone production, no binding of E4BP4 to the Cyp11a1 D box was observed in colonic IEC (data not shown).
Circadian Corticosterone Synthesis in Ileal IEC and Adrenals Is Cophasic but Independently Regulated in Control and AIMD Mice Mouse HPA axis-controlled corticosterolemia exhibited a nadir and a zenith around ZT0 and ZT10-ZT14, respectively ( Figure 1E ; Le Minh et al., 2001 ), similar to those of ileal IEC-produced corticosterone ( Figure 3B ). Accordingly, in control mouse liver, ileum, and colon, (+)GRE-containing gene expression was highest at ZT12 and lowest at ZT0, whereas IR nGRE-containing gene (Hes1) expression was highest at ZT0 and lowest at ZT12 Figure 4S ). Note that, in liver and colon that do not synthesize corticosterone or CYP11a1, Adx similarly affected corticosterone-induced gene expression ( Figures 4P-4R ). Interestingly, in control and AIMD mice (AIMDM), (+)GRE gene expression exhibited similar circadian profiles in ileum, colon, and liver ( Figures S6A-S6C) . Similarly, in AIMD mice, repression of the IR nGRE Hes1 gene was maximal and minimal at ZT12 and ZT0 respectively, in both ileum and liver (Figures S6A and S6B) . Thus, ileal IEC and adrenal corticosterone circadian synthesis in AIMDM were also cophasic. Furthermore, in liver, ileum, and colon, Adx in AIMDM did not affect the increased expression of (+)GRE genes at ZT12, whereas it decreased that of Hes1 ( Figures 4P-4R ), thus indicating that ileal IEC was also the origin of the AIMD corticosterone surge and systemic effects. Finally, upon Adx in control mice, the increase and decrease in expression of the same genes were markedly affected at ZT12 in liver and colon, but not in ileum, indicating that under physiological conditions corticosterone produced in control mice by ileal IEC did not exert significant systemic effects ( Figures  4P-4R ).
Involvement of PPARa in Corticosterone Synthesis in Ileal IEC of AIMD Mice
In AIMD IEC, both RevErba expression (Figures 1A and 1B) and its binding (with NCoR) increased on E4BP4 RORE throughout the circadian cycle, whereas the binding of RORa decreased (compare Figures 4A and 4B ). This ''constitutive'' repression, not only resulted in a marked decrease in E4BP4 transcripts in IEC ( Figures 1C and 1D ), but also led, in ileal IEC of AIMDM, to a permanent decrease of E4BP4 binding on the Cyp11a1 D box (compare Figures 4C and 4D) , and therefore to a constitutive expression of Cyp11a1 in ileal cells ( Figure 4E ) and to corticosterone hyperproduction ( Figure 1E ). Clearly, Bmal1 was not involved in increased expression of RevErba in AIMDM (Figures 3V and 3W) , and analysis of Bmal1iec À/À AIMD mice indicated that Bmal1 was not instrumental in alterations characteristic of the microbiota-less syndrome ( Figures S6D-S6H ). Of note, PPARa, which may also activate RevErba expression (Duez and Staels, 2008) , had no effect on this expression in control mice, as shown in ileal IEC of PPARaiec À/À mice ( Figure 4G ).
However, the same mutation abrogated RevErba overexpression in AIMDM ( Figure 4G ), thus suggesting that PPARa could be the critical activator of RevErba expression through binding to the RevErba promoter DR2 element that may mediate RevErba autorepression (Duez and Staels, 2008) . ChIP assays demonstrated that PPARa could bind this DR2 element (Figure 4N) , and that this binding was increased throughout the circadian cycle in AIMDM ( Figure 4O ). Strikingly, all AIMD alterations in clock components (Bmal1, Cry1, Per1, Per2, RORa, RevErba, E4BP4) disappeared in PPARaiec 
PPARa Expression Is Controlled by JNK/c-Jun Signaling
How then, could PPARa expression be increased in intestinal epithelium of AIMD mice? We assumed that this increase could reflect the lack of a repressing activity that might be triggered in IEC by a microbial product, e.g., LPS that was previously shown to decrease PPARa expression when administered to control mice (Drosatos et al., 2011) . As the binding of LPS leads to activation of IKKb and JNK through their phosphorylation (Takeda and Akira, 2004) , we speculated that the PPARa increase in AIMD mice could be related to a decrease in ''activated'' IKKb and JNK in IEC. The activity of these two kinases (KA) were indeed decreased in ileal and colonic IEC of AIMDM, whereas it was restored upon LPS administration (Figures 5A and 5B; data not shown for colon) together with c-Jun transcripts (and protein; data not shown) that were also decreased in IEC of AIMD and GF mice (Figures 5C and 5D; see below). Interestingly, a cotreatment with a specific inhibitor of JNK activity (JI) abrogated the LPS-dependent decrease in PPARa transcripts, whereas an inhibitor of IKKb activity ) had no effect on PPARa transcripts, indicating that a member of the AP-1 family could repress PPARa expression ( Figure 5E ) (in contrast both inhibitors were effective in decreasing LPSinduced IL-6 transcripts, see below). Analysis of the PPARa promoter region, revealed the existence of an AP-1 DBS (5 0 -TGACACA), and ChIP assays with ileal IEC from control mice indicated the presence of c-Jun (but not c-Fos) and NCoR on this AP-1 DBS ( Figure 5G ). Interestingly, this repressing complex was not present on the PPARa promoter region in AIMD mice, whereas it reappeared upon LPS administration (Figure 5G) . Thus, gut microbiota appears to be mandatory in IEC to generate a c-Jun-repressing activity (Schreiber et al., 1999) that, by decreasing the expression of PPARa, also decreases that of RevErba ( Figure 5F ), thereby preventing the appearance of a microbiota-less syndrome. Of note, LPS could substitute for microbiota in this mechanism. (Figure 5H) .
Remarkably, the c-Jun-repressing activity exhibited a circadian profile ( Figure 5G Figure 5N ), whereas their transcripts and protein expression did not exhibit a circadian pattern ( Figure 5M ).
RORa/RevErba-Induced Circadian Expression of TLRs and NOD2 Is Required for Microbiota-Induced Activation of JNK and IKKb Because in the absence of microbiota, JNK and IKKb activities were restored by administration of LPS, we investigated in ileal IEC whether the expression pattern of its cognate Toll-like receptor (TLR4), as well as those of other TLRs (Takeda and Akira, 2004) , could be affected in AIMD mice. Importantly, TLR1, TLR2, TLR3, TLR4, TLR5, and TLR9 (but not TLR6 and TLR7) transcript levels, which were significantly lower in AIMD mice than in control mice, were restored to control levels upon LPS administration ( Figure 6A ). Most interestingly, in control mice, TLR expression patterns throughout the circadian cycle revealed See also Figures S4 and S5 and Tables S2 and S5 . (legend continued on next page) that TLR1-TLR5 and TLR9 (but not TLR6 and TLR7) transcripts exhibited a circadian-like profile with levels generally higher at ZT0 than at ZT12 (Figures 6B and S7B ; similar data were obtained in GF mice, Figure S7C ), in keeping with both the presence or absence (in TLR6 and TLR7) of an evolutionaryconserved RORE in their promoter region ( Figure S7A ) to which the bindings of the RORa activator and the RevErba repressor exhibited antiphasic circadian profiles (ChIP assays in Figure 6C ). These circadian recruitments were notably similar to those of RORa and RevErba to the E4BP4 RORE ( Figure 4A ), the c-Jun RORE ( Figure 5L ), and the ROREs present in Bmal1 and Cry1 ( Figure 3T ). That RORa ( Figure 6D ), but not Bmal1 (Figure S7D) , activated TLR transcription was demonstrated using RORaiec À/À mice, which resulted in decreased transcripts of TLRs at ZT0, similar to those of Bmal1, c-Jun, E4BP4, and Cry1 ( Figure 3U ). Note that, for all of these genes, as well as for TLRs, these reduced transcript levels in RORaiec À/À mice correlated with a drastically impaired RORa recruitment to ROREs present in their respective promoters (ChIP assays in Figures 6G and 6H ), and with a RevErba recruitment throughout the circadian cycle similar to that observed on the E4BP4 RORE in AIMD mice ( Figure 4B ; data not shown). TLR transcripts were lower in AIMD than in control mice and their circadian expression profile was lost ( Figures 6A and 6B ), which resulted in loss of IKKb and JNK activation ( Figures 5A and 5B ), followed by derepression of PPARa expression ( Figures 1A, 1B , 5E, and 5F), and consequently to PPARa-induced DR2-mediated activation of RevErba expression ( Figures 4G and 4O ). Collectively, these data (similar data were obtained in colonic IEC, not shown) demonstrated that TLRs (TLR1-TLR5 and TLR9) exhibited a circadian expression profile controlled by the opposing action of RORa and RevErba, and revealed why, upon activation of TLRs by LPS and other MAMPs, activated JNKs and activated IKKb could exhibit a circadian pattern of activity, even though the expression of unphosphorylated JNKs and IKKb proteins did not display a circadian profile. Interestingly, the IRAK4 and TIRAP genes, whose proteins are known to transduce MAMP-induced TLR signaling and to activate JNK and IKKb, contain a RORE ( Figure S7A ) and exhibited a decreased circadian expression in both AIMD and RORaiec À/À mice, whereas the expression of the RORE-less TRAF6 and MyD88 gene involved in TLR signaling (Takeda and Akira, 2004) was neither oscillatory nor decreased in AIMDM ( Figures  6I and 6J) . Of note, an IEC selective mutation of the TLR adaptor MyD88 that is mandatory for TLR signaling, but dispensable for TLR3 and TLR4 (Takeda and Akira, 2004) , did not perturb the IEC circadian clock in MyD88iec À/À mice ( Figure S7E ; identical results were obtained in colon, data not shown) and did not affect the IEC expression of PPARa, c-Jun and Cyp11a1 ( Figure S7F ), nor the LPS-induced repression of PPARa and RevErba (Figure S7G ), in keeping with previous data (Larsson et al., 2012) showing that the expression of many microbiota-dependent genes does not require MyD88 in IEC (Table S6) . In this respect, we note that the expression of the intracellular PRR NOD2, which activates JNK and IKKb upon MAMPs binding (Kanneganti et al., 2007) and possesses a RORE DBS ( Figure S7A ) in its promoter region to which the bindings of RORa and RevErba exhibited antiphasic circadian profiles ( Figure 6F ), was also impaired in AIMD mice ( Figure 6E ). Of note, Silver et al. (2012) recently reported a circadian control of the oscillatory expression and function of TLR9 in macrophages, through binding of Bmal1 to a cognate E box present in the TLR9 gene. We found a similar Bmal1 binding to the TLR9 E box in peritoneal macrophages ( Figure S7H ), but not in IEC where in contrast RORa did bind the TLR9 RORE ( Figure S7I ; see also Figures 6D, 6G, 6H, and S7D), thus indicating that the activity of circadian clock output regulators could be cell-selectively modulated.
Microbiota-Dependent AP-1 and NF-kB Activities Are Required for Homeostatic Gene Expression in IEC
The role of microbiota in JNK, c-Jun, and IKKb activities led us to investigate whether the homeostatic expression of genes bearing AP-1 and/or NF-kB DBS could be dependent on microbiota. ''Active vitamin D3'' (VD3) signaling plays an important role in intestinal homeostasis, and is generated in IEC by the 25-(OH)D 3 1-a hydroxylase (Cyp27B1) (Cross et al., 2011) , the promoter of which contains NF-kB and AP-1 sites ( Figure 7A ). Cyp27B1 expression was decreased in IEC of AIMD and GF mice ( Figures 7B, 7C , and S7L-S7M), due to lack of recruitment of NF-kB (p65/p50) and AP-1 (c-Jun/c-Fos) to their DBS ( Figures  7D and 7E ). Microbiota requirement for VD3 synthesis was supported by decreased transcripts for Angiogenin 4 (Ang4), Claudins (Cldn) 2 and 12 (Cross et al., 2011) , and TSLP (Surjit et al., 2011) (Figures 7B and S7L-S7N ), known to be VD3 targets in IEC. ChIP assays showed that the VD3 receptor (VDR) assembled in control mice an activation complex (VDR/SRC2 and/or SRC3, requiring VD3) on TSLP, Cldn2, and Cldn12 VDREs, whereas a repression complex (VDR/NCoR and/or SMRT, not requiring VD3) was assembled in IEC of AIMD mice ( Figure 7F ).
Among AP-1 and/or NF-kB DBS-bearing genes, the transcripts of which were previously shown to be decreased in AIMDM, we found that IL-1b, IL-6, TNFa, and KC-1 (RakoffNahoum et al., 2004), Reg3g (Reikvam et al., 2011) , and STAT3 transcripts could be restored through administration of LPS to AIMD mice ( Figure 7G ; note also the reduction in IL-1b and IL-6 blood levels in AIMD mice, Figures S7O and S7P ). IL-1b, IL-6, Reg3g, and TNFa transcripts exhibited in control mice a circadian oscillatory profile similar to that of TLRs ( Figures 7I  and S7J ). Remarkably, in control mice, the circadian bindings of NF-kB and AP-1 to their cognate DBS on IL-6, IL1b, and Reg3g genes ( Figures 7K and 7L ) had a profile similar to those of RORa bound to either E4BP4, c-Jun, TLRs, or Bmal1 ROREs (see Figures 3T, 4A , 5L, and 6C). In all cases, similar results were obtained in colonic IEC (not shown). Of note, among additional NF-kB and/or AP-1-dependent genes, the expression of which was decreased in IEC of GF mice (Hooper et al., 2001) , several (pIgR, DAF, Sprr2a, Angiogenin 3, and CRP-A) exhibited a decreased expression in AIMD mice, which was restored upon LPS treatment ( Figure 7G and Table S2A ). Finally, we also found ROREs in the promoter region of IL-6, Reg3g, STAT3, and TNFa genes ( Figures 7H and S7A ) to which the bindings of RORa and RevErba were antiphasic ( Figure 7J ).
Numerous Genes Involved in IEC Homeostatic Functions Exhibit a Microbiota-and Clock-Controlled Circadian Expression through Antiphasic Binding of RORa and RevErba to Cognate ROREs
A bioinformatics search revealed that the mouse and human genomes comprise several thousands of genes that contain potential consensus RORE DBS. A comparison between mouse and human ortholog genes showed that more than 2,000 of them contained a RORE (Table S3 ). Among 20 of them selected for their expression in IEC and known homeostatic functions (Table S1 ), 15 had a higher expression at ZT0 than at ZT12 (Tables S2A and S2B) , as well as a lower expression in AIMD ( Figure 7M ) and in RORaiec À/À mice ( Figure 7N ), thus exhibiting a microbiota-and clock-controlled circadian expression. Moreover, six of them (taken at random), displayed the characteristic antiphasic binding of RORa and RevErba to their RORE (ChIP assays in Figure 7O ).
DISCUSSION MAMPs Are Mandatory in Ileal and Colonic IEC for Homeostatic Maintenance of the Circadian Clock
Our present data (schematized in Figures 2 and S2 ) unveil the physiological sequence of events that define the circadian clock in IEC, as deduced from (1) the circadian temporal expression profiles of transcripts of relevant clock genes, (2) the effect of IEC-selective mutations of these genes, and (3) the selective bindings of proteins encoded in some of these genes with regulatory sequences present in promoter regions of their target genes. At ZT0 (6 a.m.), the level of corticosterone produced in ileal IEC is low, similar to that present in colonic IEC that originates from the HPA axis-controlled adrenal production of corticosterone. Thus, RORa expression in IEC is at zenith, as its IR nGRE-mediated repression by corticosterone-liganded GR is minimal. Consequently, the RORa-dependent RORE-mediated activation of expression of TLRs (TLR1-TLR5 and TLR9) and NOD2 is also at zenith, the MAMPs-induced PRR-mediated JNK and c-Jun activations are maximum (of note, c-Jun expression is also RORa-dependent), and the c-Jun-dependent ''negative AP-1 DBS''-mediated repression of PPARa expression is therefore maximal. On the clock side, the RORa-dependent RORE-mediated expressions of Bmal1 and E4BP4 are at zenith, whereas Cyp11a1 expression that is repressed by E4BP4 is minimal, in keeping with a low level of ileal IEC corticosterone synthesis (as evidenced by the low transcript levels of GCresponsive genes in ileal IEC) (Figures S6A-S6C ). At ZT8, the Bmal1-induced E-box-mediated expression of RevErba, initiated at ZT4, is maximal. This results in repression of RORE-containing genes (including TLRs, NOD2, c-Jun, Bmal1) and also E4BP4. The repression of the latter then leads, through derepression of Cyp11a1, to increasing corticosterone production in ileal IEC, and consequently to IR nGRE-mediated repression of RORa that reaches its trough at ZT12, whereas the expression of the (+)GRE-containing Per1 and Per2 genes is at zenith. Subsequently, the level of ileal and colonic IEC corticosterone decreases, due (1) in ileum, to an increase in E4BP4 expression (upon autorepression of RevErba expression, leading to repression of Cyp11a1 expression), and (2) in colon, to the cophasic circadian decrease in HPA axis-controlled adrenal corticosteroid production ( Figures 4P-4R) ; these decreases then relieve the GR-mediated repression on RORa, and stimulate the ROREdependent expression of Cry1, which by inhibiting the GR (Lamia et al., 2011) further decreases the expression of Per 1 and 2, thereby allowing the next circadian cycle to begin. Thus, not only RevErba (Feng and Lazar, 2012; Cho et al., 2012) , but also RORa are integral components of the IEC circadian clock. Of note, RORa was previously identified as an activator of Bmal1 expression and an integral component of the suprachiasmatic nucleus master clock (Sato et al., 2004) . In the absence of microbiota, the impairment of PRR signaling, and consequently of the activation of c-Jun expression and activity, leads to a permanent expression of PPARa, thereby resulting in the loss of all IEC events exhibiting a circadian rhythm. Indeed, the ''constitutive'' expression of PPARa in IEC results into a permanent increase of RevErba expression and E4BP4 repression. This overexpression of the RevErba repressor then leads, through competition for RORE binding, to repression of all RORE-mediated RORa-dependent transcription, in both ileum and colon, thereby resulting in disruption of TLR signaling due to repression of TLR expression, as well as in disruption of the circadian clock because Bmal1 and Cry1 expressions are no longer activated by RORa, while being repressed by RevErba. In addition, the permanent increase in RevErba expression in ileum leads, through E4BP4 repression, to a constitutive expression of Cyp11a1, leading to systemic hypercorticosterolism. Importantly, the decrease in expression of the E4BP4 repressor, also results into a general increased expression of numerous D-box-containing genes, the expression of which (high from ZT8 to ZT16) is clearly temporally distinct from that of ROREcontaining genes (high from ZT20 to ZT4) (our data not shown; Asher and Schibler, 2011; see Figure S2 ). Moreover, the decrease in Cry1 expression results in an increase of GR activity (Lamia et al., 2011) that, together with the systemic hypercorticosterolism, causes a total disruption of the circadian clock in both ileal and colonic IEC, with a permanent increase in Per1 and Per2. Importantly, this AIMD hypercorticosterolism (legend continued on next page)
generates systemic defects that have been previously correlated with microbiota impairment (see below). Of note, the IECselective abrogation of PPARa expression in control mice (PPARaiec À/À mice) had no deleterious effect on the function of the circadian cycle, nor on corticosterone production and blood parameters, whereas in AIMD mice the same mutation restored normality in IEC for clock components, corticosterone levels, and blood parameters. Thus, PPARa intervenes on the clock system to boost the production of corticosterone in ileal cells, only when microbiota is lacking or seriously impaired in its capacity to signaling through TLRs.
A Tight Connection between the IEC Circadian Clock, Ileal Corticosterone Synthesis, and the Microbiota-less Systemic Syndrome Our study unveiled that, unique among peripheral organs but the adrenal glands, the ileal (but not the colonic) circadian clock is intimately associated with the ileal generation of a rhythmic production of corticosterone that under physiological conditions is cophasic with the HPA axis-controlled adrenal corticosterone production. This is important in two respects. First, as GCs possess the capability to reset circadian clocks (Balsalobre et al., 2000) , corticosterone produced by ileal epithelial cells can act as a tissue-specific cue ensuring the temporal functional synchronization of these cells. Second, as adrenalectomy does not affect the ileal corticosterone production, ileal IEC unlike other tissues/organs is not dependent on adrenal HPA axiscontrolled GC synthesis and may therefore normally perform GC-dependent homeostatic functions under pathophysiological conditions that either decrease GC blood level (e.g., chronic stress) or require an ileal corticosterone production in order to effectively combat an ileal inflammation (Noti et al., 2010) .
On the other hand, we have shown here that a lack of microbiota results in a permanent ileal overproduction of corticosterone due to decreased expression of the D-box-binding E4BP4 repressor. This hypercorticosterolism generates systemic metabolic defects (hyperglycemia, insulin resistance, increased TG and FA) (Vegiopoulos and Herzig, 2007) , which affect mainly the liver, the pancreas, and the HPA axis, leading to a prediabetic syndrome within a month of antibiotic treatment. It remains to be seen whether longer treatments may result in the numerous systemic debilitating effects known to occur upon long-term GC administration (affecting among others, skin, bone, muscle, CNS, and behavior) (Schä cke et al., 2002) . Of note, studies on GF mice and on mice exposed to antibiotics strongly suggest a role for gut microbiota in regulation of anxiety, depression, and cognition (Cryan and Dinan, 2012) . In fact, it is likely that physiological functions dependent on the control of gene expression by liganded GR (GRE-mediated transactivation, NF-kB/AP1 tethered transrepression, and IR nGRE-mediated direct transrepression; see Surjit et al. [2011] for references), can all be affected by the microbiota-less hypercorticosterolism.
As GF mice exhibit a hypercorticosterolism and systemic metabolic defects similar to those found in AIMD mice, it would be interesting to investigate whether the administration of current probiotics could normalize GF mice. It would also be interesting to investigate how the Cyp11a-like increased expression of numerous D-box-containing genes encoding homeostatic functions (data not shown) contributes to the microbiota-less syndrome in AIMD mice.
Microbiota Cues through the Circadian Clock Control Essential Homeostatic Functions in IEC
Our study reveals how the IEC clock and microbiota cues control, at the molecular level, the circadian oscillatory expression of genes, the promoter regions of which contain RORa/ RevErba-binding ROREs and/or DBS for AP1 and/or NF-kB. The absence of microbiota precludes PRR-mediated signaling, as well as the function of the clock, thus impairing in IEC the transcription of all genes, the expression of which is dependent on both PRRs and clock components (see above). Interestingly, many of these genes play important homeostatic functions either directly in IEC (e.g., gut innate immunity) or indirectly in the lamina propria (e.g., gut adaptive immunity). In innate immunity (Table S2A and references therein), this is the case for proteins well-known to (1) exhibit antibacterial effects: Reg3b, Reg3g, Angiogenin 4, and Cryptidins, the IgA receptor (pIgR), and the complement factor DAF, (2) be crucial for gut barrier function: Claudin 2 and 12 for tight junctions, and Sprr2a for barrier fortification, (3) exhibit cytokine activity: IL-6, IL-1b, TNFa, and TSLP, (4) be required for induction of gene expression by IL-6 and IL-22: the Stat3 transcription factor, and (5) function as a cytokine receptor: HVEM (the IL-22 receptor). Of note, the expression of several genes involved in IEC innate immunity (Angiogenin 4, TSLP, and Claudins 2 and 12) requires the synthesis of active vitamin D3 by the ''microbiota-dependent'' Cyp27B1 enzyme (see above and Figures 2 and S2) . Interestingly, a defective VDR signaling has been shown to increase the susceptibility to inflammatory bowel disease (IBD) and colitis (Cross et al., 2011) . The development of the adaptive immune system in lamina propria, notably the differentiation of Th17 cells, a source of IL-17 and IL-22, has been shown to be microbiotadependent (Ivanov et al., 2009) . Thus, as IL-1b and IL-6 are required for Th17 cell differentiation (Hu et al., 2011) , IEC also appears to be important for instructing the adaptive immune system in lamina propria.
Strikingly, more than 2,000 genes present in mice and humans contain a consensus RORE DBS (Tables S3 and S4) . We found that, among 20 of them selected for known homeostatic functions and expression in IEC, 15 exhibited a microbiota-dependent and ZT0 > ZT12 clock-controlled circadian expression (Tables S1 and S2B) , thus emphasizing the crucial role played by microbiota MAMPs, TLRs, and circadian clock output regulators in the control of IEC homeostatic functions. Two additional (G) ChIP-Q-PCR assays for recruitment to TLR ROREs of control and RORaiec À/À mice using ileal IEC and RORa antibody. Values represent mean ± SEM. See also Figure S7 and Tables S2, S5 , and S6. (legend continued on next page) RORE-containing genes exhibiting a ZT0 > ZT12 circadian rhythm are worth mentioning (see Figures 6D-6F and 7M-7O; Table S2B ). The PRR NOD2 receptor gene, which belongs to the group of NLR intracellular receptors genes (Kanneganti et al., 2007) , was the first susceptibility gene to be linked to Crohn's disease. It encodes an NLR that is important for the release of antibacterial Cryptidins by IEC Paneth cells, and its decreased expression in AIMD mice is known to heighten the intestinal susceptibility to inflammation and colitis (Maynard et al., 2012) . We also found that the expression of the short chain fatty acid (SCFA) receptor (FFAR3 or GPR41), a GPCR that binds SCFA and may be implicated in adiposity and intestinal motility (Samuel et al., 2008) , is controlled by RORa in a ZT0 > ZT12 circadian manner and is decreased in AIMD mice. Of note, these data extend the effects of microbiota signals on circadian gene expression in IEC to the expression of NLR intracellular receptors and GPCR membrane receptors.
CONCLUSIONS
Within the symbiotic dialog between the gut and the microbiota, we investigated here, at the level of gene expression, the role played by cues from commensal bacteria in the control of intestinal epithelial cell homeostasis. While dissecting the defects exhibited by these cells in microbiota-depleted mice, we discovered that this dialog not only involves external bacterial cues (MAMPs) interacting with epithelial cell PRRs (TLRs and NLRs) (Abreu, 2010) , but also requires the integrity of their circadian clock that opens a temporal window during which MAMP signals can be transduced by PRRs. Indeed, thanks to the opposing transcriptional activities of the clock components and output regulators RORa and RevErba, the temporally ''even'' arrhythmic bacterial signaling is converted into a circadian rhythmic activation of synthesis of cell membrane receptors (e.g., TLRs), which results in a temporally-controlled circadian activation of IKKb and JNK activities in IEC. The rhythmic activation of IKKb and JNK (see Figures 2 and S2 ) enables timing the IEC homeostatic functions of genes activated by AP1 and/or NF-kB with circadian events occurring at diurnal times ZT20-ZT4, which correspond to the mouse ''active phase'' (Dibner et al., 2010) . In addition, the circadian pattern of IKKb and JNK prevents in IEC the disruption of the circadian clock through inappropriate activation of RevErba by PPARa. Together, these mechanisms ensure that, during the same ZT20-ZT4 active phase, the transactivating (RORa and Bmal1/Clock) and transrepressing (RevErba/E4BP4) output regulator components of the clock can adequately control the temporal expression of RORE-and E-box-containing genes encoding IEC homeostatic functions. Importantly, by preventing the disruption of the circadian clock through activation of RevErba by PPARa, the microbiota MAMPs also control the proper repression of the E4BP4 repressor, thereby allowing, at diurnal times ZT8-ZT16 that correspond to the mouse ''rest phase'' (Dibner et al., 2010) , the expression of the numerous D-box-containing genes encoding IEC homeostatic functions (data not shown; see Figures 2 and S2). Our study also raises important questions concerning the possible generality of our conclusions. For instance, could a variety of membrane or intracellular receptors, binding to nonmicrobial extra or intracellular cognate physiological ligands, be differently connected with peripheral circadian clocks in various cells/tissues to convert arrhythmic signals into circadian rhythmic outputs in order to time homeostatic functions with physiologically-relevant circadian events (e.g., food availability and intake, exposure to infection, diurnal variation in light and temperature) (Feng and Lazar, 2012; Dibner et al., 2010; Masri and Sassone-Corsi, 2010; Hussain and Pan, 2009 )? Elucidating, in various cell types/tissues, the molecular mechanisms that underlie the sophisticated dialogs between ligands, their cognate membrane or intracellular receptors, and peripheral circadian clocks, in order to time homeostatic functions with circadian changes, may pave the way to new therapies aimed at treating multiple pathologies, the origin of which has to be found in disruption of these conversations.
EXPERIMENTAL PROCEDURES
Additional details on methods are available in Extended Experimental Procedures.
Mice and Treatments C57BL6/J male wild-type and adrenalectomized mice (Charles River Laboratories) 8-12 weeks old were used. Germ-free mice of C57BL6/J background were obtained from CDTA, Orleans (France). Mice were provided food and water ad lib, under 12 hr light/12 hr dark conditions. Antibiotics-induced (E) As in (D), but for recruitments to the NF-kB DBS of the Cyp27B1 gene. IKKb inhibitor (Bay) was injected as in (D). (F) ChIP assays for recruitments of VDR and other factors as indicated to DR3 elements in TSLP, Claudin2, and 12 genes using ileal IEC of control and AIMD mice, and antibodies as indicated. (G) RNA transcripts of genes as indicated from ileal IEC of control and LPS-treated AIMD mice. (H) RORE sequences identified in the promoter regions of Reg3g, IL-6, and STAT3 mouse genes. The blue letters indicate one base mismatch with the consensus RORE2 in Bmal1 gene (see also Figure S7A Values represent mean ± SEM. See also Figure S7 and Tables S1, S2 , S3, S4, S5, and S6. microbiota depletion was conducted for 4 weeks as described (Rakoff-Nahoum et al., 2004) .Applicable LPS was added together with antibiotic during the fourth week. In all instances, the bacterial depletion was more than 99%, irrespective of LPS addition, whether it was determined by bacterial count or by 16 s Q-PCR (Table S5) . Breeding, maintenance, and experimental manipulations were approved by the Animal Care and Use Committee of IGBMC/ ICS. Intestinal epithelial cells (IEC) were isolated as described (Cima et al., 2004) .
ChIP Assays
Isolated IEC were crosslinked in 1% formaldehyde, followed by ChIP assay as described (Surjit et al., 2011) .
Real-Time RNA Transcript Determination RNA isolated from IEC and other organs were reverse transcribed using random hexamers, followed by Q-PCR, and expressed relative to the hypoxanthine-guanine phosphoribosyltransferase (HPRT) levels, as described (Surjit et al., 2011) .
Blood Metabolic Analysis
Blood glucose was analyzed from tail vein using Accu-check glucometer (Roche). Other measurements were done using blood collected after retroorbital punction at the IGBMC-ICS Metabolomic Unit.
Statistics
Data are represented as mean ± SEM of at least three independent experiments, and were analyzed by SyStat and Microsoft Excel statistics software using Student's t test (RNA transcripts) and one-way ANOVA (blood metabolic analysis). p < 0.05 was considered as significant.
Bioinformatics Analysis hg19 (human) and mm9 (mouse) repeat masked Ensembl genome assembly was used to determine genome-wide distribution of RORE containing genes. Gene functional annotation was performed using DAVID program.
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